Motivation: Enzymatic digestion under appropriate reducing conditions followed by mass spectrometry analysis has emerged as the primary method for disulfide bond analysis. The large amount of mass spectral data collected in the mass spectrometry experiment requires effective computational approaches to automate the interpretation process. Although different approaches have been developed for such purpose, they always choose to ignore the frequently observed internal ion fragments and they lack a reasonable quality control strategy and calibrated scoring scheme for the statistical validation and ranking of the reported results. Results: In this research, we present a new computational approach, DISC (DISulfide bond Characterization), for matching an input MS/MS spectrum against the putative disulfide linkage structures hypothetically constructed from the protein database. More specifically, we consider different ion types including a variety of internal ions that frequently observed in mass spectra resulted from disulfide linked peptides, and introduce an effective two-layer scoring scheme to evaluate the significance of the matching between spectrum and structure, based on which we have also developed a useful target-decoy strategy for providing quality control and reporting false discovery rate in the final results. Systematic experiments conducted on both low-complexity and highcomplexity datasets demonstrated the efficiency of our proposed method for the identification of disulfide bonds from MS/MS spectra, and showed its potential in characterizing disulfide bonds at the proteome scale instead of just a single protein. Availability and implementation: Software is available for downloading at
Introduction
Cysteine residues in a protein sequence can pair to form a covalent bond, known as the disulfide bond (S-S bond) when the sulfhydryl groups on the side chains of cysteines are involved in the following oxidation reaction (S-H þ S-H ! S-S þ 2H) (Creighton et al., 1995) .These covalent linkages between pairs of cysteine residues are considered to be the strongest type of bond a protein can possess and serve as one of the primary forces for holding proteins in their respective structure. It has been observed that disulfide bonds are generally rich in cell surface and extracellular matrix proteins (Fass, 2012) and the formation of disulfide bonds in a protein imposes significant influence on its tertiary structure and biological functions (Yano et al., 2002) . It is believed that disulfide bonds can influence the thermodynamics of protein folding by stabilizing the native conformation of a protein, as well as protect proteins from damage to lengthen their life cycle (Hogg, 2003) . It is thus important to characterize the disulfide linkage patterns within proteins before further investigating the functions of proteins. Conventional methods Original Paper including NMR (Nuclear Magnetic Resonance) (Sharma and Rajarathnam, 2000) , X-ray crystallography (Brunger, 1997) and Edman degradation (Haniu et al., 1994) are widely used to analyze the disulfide connections in proteins. High accuracy can normally be achieved by these experimental methods, however those traditional methods always require very high concentration or well-purified protein sample, and more importantly they are not suitable for working in the high-throughput environment.
In recent years, enzymatic digestion of protein sample under appropriate conditions followed by mass spectrometry analysis serves as a promising technique for determining the disulfide bond pattern in proteins (Tsybin et al., 2011; Zhang et al., 2011 Zhang et al., , 2012b . In contrast with the conventional approaches for identifying disulfide bonds in proteins, mass spectrometry based analytical approaches can provide accurate identification even with much less sample purity, and these approaches can inherently proceed in a high-throughput manner. Similar to the predominant 'bottom-up' method popularly accepted for peptide and protein identification (Zhang et al., 2013) , the most straightforward strategy for determining the disulfide connections with minimal sample preparation includes the following steps (Gorman et al., 2002) : in the first step, the protein of interest is digested into peptides in the non-reduced state or partially reduced state using proteases like trypsin or pepsin, and then the resultant peptide mixtures containing the tentative disulfide-bonded peptides are separated using Liquid Chromatography (LC) before they are ionized using Matrix-Assisted Laser Desorption Ionization (MALDI) (Karas et al., 1987) or Electrospray Ionization (ESI) (Fenn et al., 1989) , while in the next step the charged peptides will be fragmented and measured by mass spectrometers to obtain the corresponding MS survey scans and MS/ MS spectra, and in the final step either manual interpretation or computational approaches are applied to analyze the collected mass spectral data to find the existent disulfide linkages. Usually a large amount of mass spectral data will be collected in a single mass spectrometry experiment which always makes it impractical to conduct the time-consuming manual interpretation. Although currently, tandem mass spectrometry coupled with database search procedures has become a popular tool for high-throughput protein identification, it is not suitable for the characterization of disulfide linked peptides because the traditional database search methods are designed to interpret linear peptide sequenced in the mass spectra, while the fragmentation pattern for disulfide linked peptides is much more complex (Tsai et al., 2013) . Correct correlation of the raw mass spectra to appropriate disulfide linkage structures still heavily relies on manual interpretation, which indicates that it is now pressing to develop effective computational approaches to automate the process of disulfide pattern analysis.
Until now, several computational approaches have been developed to characterize the disulfide linkage structures from tandem mass spectra. In literature (Schilling et al., 2003) , Schilling et al. developed a software package, MS2Assign, which was equipped with the capability of analyzing disulfide linkages from MS/MS spectra. Only that this method is originally designed for the purpose of studying protein cross-linkings, it would require detailed information regarding the site of cross-linkers and modifications in the input, which directly impedes it applications in the high-throughput situation. In literature (Wefing et al., 2006) , Wefing et al. presented a computer program, SearchXLinks, to analyze mass spectra with the aim of identifying disulfide bonds in proteins of known amino acid sequences. This method consists of a specific 'ISD (In-source Decay) filter' procedure to prune the search space at the very early stage for more sensitive disulfide bond analysis. However, this method lacks a calibrated scoring scheme or a statistical scoring model. In literature (Xu et al., 2008) , Xu et al. introduced a special module to the tandem mass spectra database search program, MassMatrix, to identify disulfide-linked peptides in tandem mass spectral datasets. This method adapts a statistical scoring scheme to compare the CID (collision-induced dissociation) fragments in the experimental spectra with the theoretical cleaved fractions from each backbone of the hypothetical peptides. Only product ions generated from the cleavage of a single peptide bond were considered, in other words internal fragments were not taken into account. In literature (Choi et al., 2009), Choi et al. proposed an automated algorithm, DBond, to characterize disulfide bond sites in a protein via the analysis of tandem mass spectra from protein digestion under non-reduced condition. Besides the commonly observed b-ion and yion series, this method also takes into consideration those specific fragments ions generated by cleavages occurred around the S-S bond. This kind of ion products are direct supporting evidence of the existence of disulfide linkages. More recently, in literature (Murad et al., 2011) , Murad et al. implemented a software package, MS2DBþ, which further allows the analysis of multiple ions types such as a, b , b*, x, y , y* and z ions, in addition to the frequently occurred b-and y-ion fragments. In contrast with previous methods that only include the common ion types (b-and y-ion) which may improperly neglect the importance of other supporting peaks, this method on the contrary may erroneously report more false positive matched peaks when comparing the m/z values in the experimental spectrum with the theoretical ion mass values due to the reason that some of the ion types, for instance the x-ions, are almost never observed in low-energy CID or post-source decay (PSD) experiment (Medzihradszky, 2005) . Even more recently, in literature (Lu et al., 2015) , Lu et al. reported a computational method, pLink-SS, which is specially customized and adapted for the precise characterization of disulfide linked peptides with high-accuracy orbitrap mass spectral data. The specific two-workflow based scheme equipped the software with the potential of mapping disulfide bonds in the proteome scale. The function and availability of those related software are summarized in Table 1 . Despite of all the progresses, none of these computational approaches try to interpret the always ignored yet influential internal ion fragments resulting from multiple cleavages occurred on the peptide backbone or around the disulfide bond. It has been pointed out in literature (Clark et al., 2011 ) that double-cleavage under CID fragmentation mode was indeed commonly observed for disulfide-linked peptides regardless of the charge state or peptide size. Moreover, none of the computational approaches mentioned above have provided a reasonable strategy for the statistical validation of the reported disulfide linkage structures for which the False Discovery Rate (FDR) can be adjusted accordingly. In this research, we will establish a mathematical model for the disulfide linkage structure, and propose a three-stage based method for matching an experimental MS/MS spectrum with the tentative disulfide bonding structures theoretically constructed from the protein database. The proposed database searching method contains several specially designed components: a two-layer scoring system, a vector-based filtration strategy and a quality control method based on target-decoy database to estimate the false discovery rate.
Notations and problem formulation

Mass representation of ion fragments
Suppose that a tandem mass spectrum M is generated by the fragmentation of a disulfide linkage structure (also referred to as structure in this manuscript for simplicity) D a$b in which a and b represent two cysteine-containing peptide chains that are covalently linked together by disulfide bond (denoted by symbol $) to form the corresponding linkage. More detailed notations can be seen in Section S1 of Supplementary Material.
As shown in Figure 1a , a straightforward yet reasonable model to formulate the disulfide bonded peptides is to treat such structure as a tree. We consider the bonded location between two cysteines as the root of the tree, and starting from the root, the tree has four different branches which correspond to the prefixes and suffixes of two peptide chains [We acknowledge that the disulfide bond in reality can occur either between two independent peptides (inter-peptide) or within a single peptide (intra-peptide), however with appropriate proteolytic techniques, for instance enzymatic digestion by nonspecific protease Pepsin or by multiple site-specific proteases, the intra-peptide bond can still be cleaved into an inter-peptide bond in most cases, therefore in this manuscript we formulate the disulfide structure as an inter-peptide bond]. Assume that a and b are covalently linked by two cysteines a t and b q in which 1 t n and 1 q m, then the four branches can be represented as PR a ¼ a 1 a 2 . . . a tÀ1 ; SU a ¼ a tþ1 a tþ2 . . . a n ;
The ion fragments we examine in this research are generated by the following fragmentation patterns.
The universally accepted nomenclature system for linear peptides (Biemann, 1990) , can also be applied for cleavages occurred on the backbones of disulfide linked peptides. As shown in Figure 1b , the disulfide linked peptides can be regarded as a modified linear peptide where the cysteine residue is modified by the second peptide through a disulfide bond. Denote b ia to be the mass of the b-ion generated by a cleavage on the prefix of a chain, where the subscript i indicates the number of amino acid residues in this fragment and it satisfies 1 i t À 1, then we know b ia ¼ 1:00 þ R 1 r i jja r jj. The mass of the corresponding y À ion generated from the same cleavage, which is a bond specific ion (The term 'bond specific' in this manuscript means that this ion contains the mass of another peptide which is treated as a modification linked by S-S bond), can be denoted as y nÀi ð Þa$b ¼ 19:02 þ R iþ1 r n jja r jjþ jjbjj þ jjH 2 Ojj À 2jjHjj.
Let P ¼ {y, b, a, c, z, y*, y , b*, b } be all the ion types that we expect to observe from the single cleavage upon the peptide backbones. Assume x is the mass value of a b-ion, the masses of the a-ion and c-ion at the same location are x À 27:99 and x þ 17:03 respectively. In the meanwhile a b-ion may lose an ammonia to generate new ion of mass x À 17:03, or lose a water to form another ion of mass x À 18:01. We use B x ð Þ to denote the set of all the ion masses corresponding to this b-ion, then we have:
ð Þ ¼ fx; x À 17:03; x À 18:01; x þ 17:03; x À 27:99g:
Similarly, for each y-ion with mass x, we will have the following notation,
that represent all the ion masses related to this y-ion. Therefore, the theoretical mass values of all the ions resulted from a cleavage on the PR a can be included in the following set:
Similarly, for the single cleavage occurred on the other three branches as shown in Figure 1b , we can calculate their theoretical mass-value sets as follows:
Therefore, the theoretical mass values of the ion fragments generated by a single cleavage upon the peptide backbone of the structure D a$b can be represented by the following set:
In addition to the fragmentation pattern above, we also consider two difference cases where multiple cleavages were included, for which details can be found in Sections S2 and S3 of Supplementary Material. Theoretically, the spectrum generated from the fragmentation of disulfide linkage structure D a$b should contain a peak at each of the following mass values: 
Problem formulation
Due to the fact that the mass values acquired from mass spectrometers are not accurate, we use D > 0 to represent the maximum mass error of the mass spectrometer. Moreover, for a spectrum M and a mass set S,
½ contains all the peaks in M that can be explained (The term explained means that a theoretical mass value matches with a peak in the acquired spectrum) by the mass values in S, and it also contains all the unmatched mass values in S where we assume there exists a hypothetical peak with its intensity value set to 0 (an empty peak).
Let U D a$b À Á be all the possible ion masses of the ion products resulting from the fragmentation of a disulfide linkage structure
contains both the matched peaks in M and unmatched yet hypothetically existing peaks. Intuitively, we expect that a correct disulfide linkage structure will generate more and higher peaks that can be
Thus, the Disulfide Linkage Structure Determination problem can be formulated as follows: Given an MS/ MS spectrum M, a precursor mass value MW, a predefined error bound D, and a protein database F, we want to find a pair of cysteine containing peptide sequences a and b from F, such that jjjajj þ jjbjj þ 2jjH 2 Ojj À 2jjHjj À MWj D, and the following summation is maximized:
is regarded as the StructureSpectrum Matching (SSM) raw score and the function f(x, h) provides a quantitative estimation on the contribution each peak can make to the overall score, and typically it will give some rewards for the matched peaks and impose penalties on the missing spectrum peaks or very low intensity peaks as well. In practice, we can apply a more sophisticated scoring function which involves more influential factors.
Materials and methods
Similar to the three-step approach proposed in Chen et al., (2001) for identifying cross-linked peptides from tandem mass spectra, our primary idea for disulfide bond determination is to search the query MS/MS spectra against a protein sequence database to find the best matched pair of cysteine containing peptides of which the overall mass value satisfies the mass error tolerance.
More precisely, in the first step of our method, the theoretical mass values of all the possible disulfide bond structure are compared with the molecular weight given in the spectrum and only those linkage structures whose theoretical mass values fall into the required mass error range are retained for further analysis. In this step, peptide sequences are obtained from the theoretical digestion of protein sequences under certain site-specific enzyme. To avoid possible missing structures, we consider both fully-cut and semi-cut peptides (Alves et al., 2008) , and we also take into account the possibility of missing cleavages. Similar to those mentioned in Zhang et al. (2012a) , we consider two variable PTMs frequently observed in shotgun proteomics: deamidation of Gln and Asn, oxidation of Met. Specifically, we allow no free cysteines in the search, meaning that the cysteine amino acid is either included in a disulfide bond or alkylated with a carbamidomethylation. The aforementioned situations we allow in our research will inevitably increase the examination space of the tentative disulfide linkage structures, therefore efficient filtration strategy is highly desired to reduce the computational overload and maintain high sensitivity at the same time.
In the second step, the experimental MS/MS spectra are compared with the theoretical spectra generated by applying certain fragmentation rules to the tentative disulfide linkage structures acquired from the protein database. For each query spectrum, all the tentative structures will be scored in a way that allows the best matched one to be reported as the correct structure. To find the best matched structure for a query MS/MS spectrum, the StructureSpectrum Matching (SSM) raw score in Eqn. 9 is calculated to describe the quality of a match between a candidate structure and the given spectrum. However, even equipped with proper scoring function, false discoveries still exist in the reported results. If we want to give an estimation on how many incorrect results are in a final dataset, we will instead search the MS/MS spectra against a concatenated database comprising of the target protein database and a decoy database with similar statistical properties, in the aim of providing reasonable validation and quality control for the reported results. To guarantee that the reported structures are comparable across different spectra, we furthermore convert the raw matching score into a normalized and probability based P-score that is independent of the specific query spectra. In order to calculate such P-score, firstly we generate the raw score distribution for the query spectrum, secondly we use the maximum likelihood method to estimate the parameters of the distribution, thirdly the P-score is calculated as the exceedance probability which corresponds to the cumulative probability under the density curve starting from the target raw score to the right of that score value, and then the reported structures can be compared across different spectra based the P-score values. Details regarding the calculation of P-score can be found in Sections S4 and S7 of Supplementary Material.
In the last step, the highest ranked structures for each query spectrum from both target protein sequences and decoy protein sequences are collected and ranked, only those disulfide linkage structures above a specific score that satisfies the designated False Discovery Rate (FDR) are reported as the final results. Related details regarding the quality control method can be found in Section S6 of Supplementary Material.
Two-layer scoring system
Due to the unavailability of large-size validated datasets and the complex fragmentation patterns of disulfide linkage structure, it remains challenging to develop an efficient scoring system for the purpose of comparing the experimentally generated spectra with the hypothetical spectra of a tentative structure. In this method, two scores are computed for different purposes: raw score and statistical P À score.
The raw score as stated in Eqn. 9 is an overall spectral match between the MS/MS spectrum of an analyte and the hypothetical spectrum of a disulfide linkage structure in which the function f(x, h) is of particular importance. Usually the intensity value of the matched peaks, the fragment ion types, as well as the mass errors should be taken into consideration when deriving a reasonable function f(x, h) to measure the reward or penalty each matched peak can impose on the overall matching. The score for a fragment ion matched by a peak with intensity h or mismatched and assigned with an empty intensity value is calculated as follows:
In which, the value h max represents the largest intensity value in the spectrum M and is used here to normalize the intensity value to a relative intensity. The factor 200 in this equation is to guarantee that a match to a peak with significant intensity that is larger than 0.5% of the highest peak will contribute positively to the overall score. It is worthy to mention that when a theoretical fragment ion is mismatched and assigned with an empty peak, the logarithmic value calculated in this equation will be negative which indicates a penalty is about to be imposed on the overall matching in this situation. Also note that because of such penalty score that may occur during the calculation, the overall SSM raw score computed by Eqn. 9 could be negative. The SSM raw score is the summation over all the fragment ion scores calculated in Eqn. 10. The disulfide linkage structure with the highest SSM raw score are reported as the best matched structure for the given spectrum. However, the raw score alone is subject to bias when facing with structures with larger mass values or spectra with large numbers of fragment peaks. Under this circumstance, the raw scores of two different spectra cannot be compared directly. Basically, as the mass of a disulfide structure increases, the number of theoretical fragments also increases due to the presence of more potential amide bonds. When allowing multiple ion types and neutral losses of small molecules, the total number of fragment ions can drastically increase, which will subsequently increase the possibility of false matching peaks, thus causing some artificial bias.
In order to compare the significance of the reported structures across different spectra, we further derive a probability-based P-score that is established on the raw scoring function and demonstrates the significance of a match in a different way. Details regarding the calculation of P À score can be found in Sections S4 and S7 in Supplementary Material.
Filtration strategy
The process of disulfide bond determination by matching putative structures to MS/MS spectra is described rather simple in the above section, however the number of possible disulfide bonding structure for a given spectrum increases rapidly with the number of cysteines or number of proteins in the database. For instance, assume there are N cysteines in the database, and we only consider fully-cut peptides, the total number of disulfide bonding structure for a spectrum will be N 2 . Notably, when we consider the more complicated situation where the missing cleavages, semi-cut peptides, and post-translational modifications (PTMs) are allowed, the number of putative disulfide linkage structures for any input spectrum will be considerably large. Although we can pre-filter all the structures to include only those ones with their theoretical mass values falling into the required mass range, such naive technique cannot be seamlessly scale to the situation where a large protein database is searched or the required mass error bound D is relatively big for low-resolution instruments.
A vector based filtration strategy is introduced here to screen the cysteine containing peptides before they are paired up to form the theoretical disulfide bonding structures. Generally, in such strategy, both the theoretically predicted spectrum and the experimental spectrum are converted to their vector representations, and the similarity of the spectra are calculated as the dot product of the vectors (Liu et al., 2016) . As shown in Figure 1a , the fragmentation occurring on any of the four branches is indeed consistent with the fragmentation pattern that happens when breaking a linear peptide. Relying on such fact, we claim that each of the two peptides in the correct disulfide linkage structure will highly likely generate quality fragment ions from cleavages upon the branches. Therefore, a general idea of selecting cysteine containing peptides is to inspect if there are peaks in the experimental spectrum that match well with the theoretical non-bond specific ions retained with the terminus (N-terminus or C-terminus). For instance, the non-bond specific ion b 1a illustrated in Figure 1b will be considered, while the bond specific ion y 4a$b will not.
Given an experimental MS/MS spectrum M, this filtration step consists of computing the projected-cosine similarity between M and all the cysteine containing peptides acquired from the protein database, and retaining the top K most similar matches. Only those top ranked peptides will be paired up to form the theoretical disulfide linkage structures that will be used to match with the query spectrum by the more stringent scoring system described above. Note that when calculating the projected cosine value, we take into account multiple non-bond specific ions usually considered in the traditional procedure of peptide identification, including the less frequently observed a-, c-ions as well as the dominant b-and y-ion and their water or ammonia loss products. Specifically for HCD spectra, we believe the possibility of the less dominant ions existing in the tandem mass spectra is quite high. As a consequence, we expect that even for a peptide sequence where the cysteine residue locate close to the C-terminus of the peptide, there will still be multiple peaks matched to certain theoretical ions from the N-terminus. In the extremely rare case that the cysteine residue locates to the C-terminus and the peptide is very short, the filtration strategy will miss the peptide. We provide Algorithm 1 to explain the filtration procedure in detail. In Algorithm 1, the notation Pro M; s pi À Á refers to the projected cosine value between M and cysteine peptide p i . Related details for calculating Pro M; s pi À Á are included in Section S5 of Supplementary Material.
Algorithm 1 Vector Based Filtration Strategy
INPUT: Given an experimental spectrum M, a molecular weight MW, a predefined error bound D, a set of database peptides with cysteines S p ¼ ðp 1 ; p 2 ; . . . ; p n Þ and an empirically chosen constant x 1 OUTPUT: The list of putative disulfide bonding structures
Initialize empty lists L $ and L 0 2: Calculate the projected cosine value ProðM; s pi Þ for each element in S p 3: Let K ¼ max pi2Sp ProðM; s pi Þ 4: Let K ¼ 0 5: for i from 1 to n do 6:
for j from i þ 1 to K do 11:
Construct the hypothetical structure D pi$pj where
In Algorithm 1, the constant x is empirically chosen to scale the range of the top K peptides to be selected. In this research, we let x ¼ 0:5 which indicates that the selected subset contains all the peptides with projected cosine similarity larger or equal to %50 of the maximum value. The complexity of calculating projected cosine value between M and a peptide p i is bounded by the number of bins in their corresponding vector representation, which is d MW D e. Line 3 in Algorithm 1 is to find the maximum projected cosine value among all the peptides, which can be completed in O(n) by iterating over each value. Therefore the overall complexity for Algorithm 1 is
Experimental results and discussion
We firstly evaluated the performance of our proposed method with several of the published datasets used in (Murad et al., 2011) . The MS/MS spectral datasets were obtained by a Thermo-Fisher LCQ ion-trap mass spectrometer coupled with a capillary liquid chromatography system. Each of the five eukaryotic proteins was enzymatically digested and the resulting peptide samples underwent the CID fragmentation in the mass spectrometer. The protein molecules and their accession ID in SWISS-PROT (Boeckmann et al., 2003) Ion-trap mass spectrometer is known to have limited accuracy in the mass spectral data. Thus in this computational analysis, the error tolerance values used for precursor ion and fragment ion are 200 ppm and 0:5 Da respectively. We take into consideration both fully-cut and semi-cut peptides in the process of enzymatic digestion, and we allow the maximum of three missing cleavages to account for the possible incomplete digestion. The variable PTMs, deamidation of Asn/Gln, and oxidation of Met are considered in the search. Note that for the carbamidomethylation of cysteine, we ensure that at least one cysteine on the theoretical digested peptide is left unalkylated so that the peptide is able to pair up with another peptide to form a hypothetical disulfide bond structure. Moreover, we allow up to two modifications upon a single peptide chain. Additionally, a default 5% false discovery rate was enforced using the aforementioned target-decoy strategy to control the final results to be reported. We note that 5% FDR is generally considered to be high, however considering the fact that among all the collected MS/MS spectra, usually only a few are indeed resultant of the fragmentation of disulfide linked peptides, we believe such FDR criteria will not affect the final results for low-complexity datasets.
We compared the reported results of our proposed method with MS2DBþ (Murad et al., 2011) software which is well known for its utility of determining disulfide linkages from tandem mass spectra. MS2DBþ proceeds under a similar mass error configuration with precursor mass tolerance of 1 Da and fragment ion mass tolerance of 0.5 Da. The comparative results are listed in Table 2 . In this table, the second column contains the specific enzyme used in the digestion for each protein. The disulfide linkage patterns known to be existent in the corresponding protein are enumerated in the third column. We can collect these disulfide pattern information from the SWISS-PROT database by using their respective accession ID. It is specifically mentioned in this research that the disulfide linkage pattern is modelled as two different peptides connected by disulfide bond, thus we only list in the column the inter-peptide disulfide bond patterns existing in the protein and neglect the intra-peptide disulfide bond patterns. Generally, these known patterns can be used to verify the disulfide connectivity patterns reported by the computational approaches.
Experimental results in Table 2 showed that our proposed computational approach can be very useful for identifying disulfide linkage structures for protein. The proposed method, DISC (DISulfide linkage Characterization) can provide overall better results compared with those reported by the previous appeared approach MS2DBþ. For the first and second entries in this table, the two methods report exactly the same inter-peptide disulfide bond patterns. It is worth mentioning that our proposed method was equipped with the capability of characterizing PTMs, thus we can find in Table 2 that for several entries, the disulfide linkage structures reported by our method contain modified amino acid residues. Particularly, in the third entry both methods evaluated in this research reported disulfide structures which conform to the same pattern (C 68 ÀC 76 ) known in prior, but our reported Note: 'Try' and 'Chy' are abbreviations for trypsin and chymotrypsin. The superscript number over 'C' represents the index of the cysteine in the protein sequence. The notation '[d]' followed by several letters indicates that there is a Deamidation existent on the respective amino acid residues. The value contained in the parentheses '()' after each structure refers to the score reported by the corresponding software.
structure contains a deamidation modification on the Glutamine (Q) residue. In order to find out the reason why our proposed method didn't report the specific structure given by MS2DBþ for this entry, we performed an additional round of search on the same dataset without using FDR criteria, theoretically the highest ranked structure for each of the matched spectra will be reported no matter how the quality of the match is. We found that the MS/MS spectrum ('Z319S1.693.702.3.dta') which identified as GIARC 76 HL ÀTDQPPELPSDTC 68 TRY by MS2DBþ, was actually best matched to the same structure by our method, but, not surprisingly, with a very small matching score of '10.657'. Because of its low matching score, when considering an FDR criteria in our system, this specific spectrum will not be reported. This example actually demonstrated the main purpose of the target-decoy strategy, which is to provide a meaningful criteria for reporting trustworthy results. The reason for the low matching score of this specific spectrum was probably that the signal of the unmodified peptide was weak in the sample. Another point worth analyzing is that in the fifth entry of the table, although the two methods benchmarked here both have reported structures that conform to two out of the three disulfide bond patterns acknowledged before, our method can actually report two different disulfide structures for the same pattern (C 24 ÀC 145 ). This phenomena is very useful when the knowledge of disulfide pattern is unavailable in advance, because in this specific situation we can actually re-confirm the discovered patterns with different disulfide linkage structures in order to obtain results with higher confidence. We have noticed that in the fourth entry, both methods evaluated in the experiment did not perform well with only one discovered structure reported by our method, this is perhaps due to the incomplete digestion of protein sample by protease or because of the possible disulfide rearrangement that usually occurs during trypsin digestion under mild alkaline conditions (Tsai et al., 2013) . This situation can be generally improved by using multiple enzymes for the protein digestion or maintaining a mild acid condition for sample preparation (Lu et al., 2015) . We also investigated the efficiency of the proposed two-layer scoring scheme, which can be found in Section S7 of Supplementary Material. And to provide a more comprehensive understanding towards the reported result, our proposed method is equipped with the capability to make annotations to the identified spectrum, for which an exemplary annotated spectrum can be found in Section S8 of Supplementary Material. Advancements in the mass spectrometer instruments are providing us with more accurate data than before, which supposedly to make it possible for us to conduct comprehensive analysis of disulfide linkages for complex protein sample instead of just a single protein. Compared with the datasets used in the former experiment which is generated by an LCQ ion-trap mass spectrometer, the new developed LTQ-Orbitrap mass spectrometer provides drastic improvements on the accuracy of the collected datasets. In order to test the ability of our propose method on characterizing disulfide linkages in the situation of complex protein samples, we further verified the performance of our method on a mass spectral dataset generated from a mixture of ten standard proteins. These protein molecules inlcude, Transferrin, BSA, IgG, Haptoglobin, Fetuin, Lysozyme, RNase A, Insulin, PNGase F and Ovalbumin. The protein mixture sample is digested by combination of trypsin and Lys-C at pH 6.5 with N-ethylmalemide (NEM) to avoid the disulfide bond rearrangements, and then the resultant sample was analyzed on the Thermo Fischer LTQ-Orbitrap instrument. More information regarding the configurations of the wet-lab experiments can be found in literature (Lu et al., 2015) . In total, 20 060 MS/MS spectra were collected and searched against a protein database comprised of all the related sequences. It is worth noticing that the number of protein sequences in the database are not necessarily same as the number of the experimentally digested proteins. We set the mass error tolerance values for precursor ion and fragment ion to be 10 ppm and 0.02 Da, respectively. Similar to the configurations mention above, we consider both fully-cut peptide and semi-cut peptides in theoretical digestion and the maximum number of missing cleavages allowed is three. We performed the computational analysis under different false discovery rate (FDR) of 0.05 and 0.1. Although those are considered to be relatively large FDR criteria, our main purpose is to maintain a higher sensitivity.
We conducted comparative studies upon the reported results provided by our proposed method 'DISC' and the state-ofthe-art software 'pLink-SS' (Lu et al., 2015) under similar parameter configuration. The pLink-SS software appeared very recently which is specially customized for the characterization of disulfide bonds from high-resolution mass spectral datasets and it has demonstrated its capability of mapping native disulfide bonds at proteome scale. In this experiment, the same dataset was searched against the protein database in multiple rounds, with different false discovery rate (0:05 and 0:1) and protease (Trypsin and Lys-C) settings. The comparative results are shown in Figure 2 . Similar to the former experiment, we only take into consideration the inter-peptide disulfide bond, because our proposed method explicitly formulates the disulfide linkage structure as two individual peptides connected by S-S bond.
In Figure 2a and b, when DISC is configured with FDR ¼ 0.05, we can see that our method reported 240 unique structures passing the FDR criteria compared with the total number of 100 structures reported by pLink-SS for the first round of search with trypsin, Figure 2c and d, when DISC is configured with FDR ¼ 0.1, we can see that the number of unique structures reported by DISC is increased to 299 for trypsin run, and the number of unique structures reported is increased to 249 for the Lys-C run. This is reasonable because the score threshold for result reporting will be lower when using a higher FDR value, and as a result the number of structures reported by our method will be increased. In Figure 2 , the overlapping region between two circles represents the number of identical structures found by both approaches, by which we mean they both have the same peptides and same cysteines. It is noticeable that the numbers of structures falling into the overlapping regions are also increased when DISC is configured with a larger FDR value. Therefore we believe that for the structures reported by pLink-SS but missed by our proposed method, the primary reason is that these structures are not very highly ranked in our system, and are subsequently filtered out when using an FDR criteria. While for the non-common regions in Figure 2 , what we want to particularly mention is that some structures may look different, but they indeed correspond to the same cysteine pair. It is also noticeable in Figure 2 that our proposed method reported considerably higher number of unique disulfide structures compared with pLink-SS. This is due to the consideration of semi-cut peptides in the search, which enables our proposed method with the capability of identifying more structures. Therefore another contributing reason for the structures reported by pLink-SS, but missed by our proposed method may be that some of the spectra are actually matched to different structures with higher scores in our scoring scheme, which will be identified as different structures.
To evaluate the performance of our proposed method on the identification of disulfide structures with modified peptides, we furthermore run the DISC software on the same dataset mentioned above with PTMs selected. Modifications considered in this analysis include deamidation of Asn/Gln, and oxidation of Met, both set to be variable. In this new analysis, FDR value of 0.05 is chosen and the maximum number of variable PTMs allowed on a single peptide is set to be three, in order to avoid the excessive computational overload. Similarly, we keep all other parameters unchanged during the search and compare the reported results with the previous round of search without modifications considered. Figure 3 shows the comparative studies of the performance of our method with or without PTMs selected. From Figure 3 , we can clearly see that the majority of structures reported remain the same, no matter the enzyme is specified to be trypsin or lys-c. And for both comparisons, some new structures with modified peptides are reported. To be more specific, in Figure 3a , in total 267 unique structures are reported when the PTMs option is selected, among which 220 structures are the same as that of reported when PTMs option is deselected and the other 46 structures are newly identified structures with modifications on them. Similarly, in Figure 3b , all together 225 different structures are reported when considering modifications, among which 186 structures remain the same as the previous search and 39 are newly reported structures with modifications. Some of the structures not identified when considering PTMs is perhaps caused by the fact that there exist some candidate structures with modified peptides which better match with those spectra.
Our proposed method has the potential to perform on even more complex datasets, for instance to map the disulfide linkages at proteome scale with hundreds or even thousands of protein. In order to evaluate its ability to do such computational analysis, we conducted an additional experiment on an MS spectral dataset of wild type E.coli BW25113 strains. Similar to the previous dataset, the E.coli proteome was digested by combination of protease including Trypsin, Lys-C and GluC (LTG) at pH 6.5 with N-ethylmaleimide, and the digested sample was analyzed on the high-resolution LTQ-Orbitrap mass spectrometer. Detailed experimental protocols for the generation of mass spectral data can be found in (Lu et al., 2015) . The E.coli (K12) protein database was obtained from SWISS-PROT (Bairoch and Apweiler, 1996) which contains 4437 protein sequences in fasta format. In total we extracted 23364 MS/MS spectra from the raw spectral data. Prior to the computational analysis of E.coli disulfide bond using our proposed method, we conducted a protein search against the E.coli protein proteome by the renowned PEAKS software (Zhang et al., 2012, b) to identify the protein existing in the sample. Among all the reported protein, we only keep those protein in which at least one unique peptide is successfully identified. The purpose of such protein search beforehand is to alleviate the heavy computational overload and avoid the excessive random matches. After the protein database search, we obtained 746 protein sequences in total. Then the whole MS/MS spectral dataset is searched against this shortlisted protein database by our proposed method to identify the native disulfide bond in the E.coli proteome. Parameters for the computational analysis are configured similar to what mentioned above with FDR ¼ 0.05 and maximum missing cleavage set to be three. Again we consider both fully-cut and semi-cut peptides in the search and consider only peptides with no modifications. Additionally, our proposed software is specially customized to take into account all the cleavage patterns of Lys-C, Trypsin and GluC simultaneously.
The protein disulfide isomerase DsbC is known to catalyse the formation of non-consecutive protein disulfide bonds and literatures (Berkmen et al, 2005; Lu et al., 2015) have given seven known or suggested DsbC substrate protein that contains disulfide bonds. In this analysis, we check to see weather the proposed method is capable to map the native disulfide bond in those DsbC substrate protein. The native disulfide bonds exist on those protein are manually extracted from their corresponding SWISS-PROT entries. In total, our proposed method successfully detected 9 different native disulfide bonds out of 10 suggested disulfide bonds in the these 7 protein, with the only exception 'C 404 ÀC 413 ' of protein P07102 (Periplasmic Appa) undetected. Detected disulfide bonds are listed in Table 3 . 
Conclusion
The interpretation of MS/MS spectrum generated by fragmentation of disulfide linked peptides is a complicated, yet practically important research topic. Progresses regarding the computational approaches for automated characterization of disulfide linkage patterns in protein will evidently alleviates the difficulty of traditional methodology including chemical reduction, alkylation or other time-consuming analytical techniques. In this manuscript, we formulated the problem of Disulfide Linkage Structure Determination mathematically, and proposed a systematic framework to represent a variety of ion products resulted from both single cleavage and multiple cleavages on the disulfide bonding structure. At a high-level, we apply a three-stage approach for correlating the query MS/MS spectrum to a hypothetical disulfide linkage structure formed by a pair of cysteine containing peptides theoretically digested from the protein database. Specifically, we established an effective scoring system which contains both the initial procedure of computing raw score and a subsequent procedure of calculating a normalized and probability-based score. Moreover, we introduced a vector-based filtration strategy to filter the tentative structures with the aim of reducing the examination space and increasing the identification sensitivity. Additionally, we added in our approach a quality control procedure based on target-decoy database to estimate the ratio of incorrect identifications among reported structures. Comparative studies of our proposed method with previously published software, MS2DBþ and pLink-SS, demonstrated the merits and potentials of our method. An executable version of the software package 'DISC' which is implemented based on the proposed method can be downloaded at http://www.csd.uwo.ca/ yliu766/, and mass spectral datasets used in this research for protein disulfide bond determination are available at http://tintin.sfsu.edu/whe murad/disulfidebond/datasets.php and http://pfind.ict.ac.cn/software/ pLink/2014/pLink-SS.html, and the E.coli BW25113 mass spectral dataset is available at http://www.huanglab.org.cn/donglab/. Note: The column 'Protein Entry' refers the accession ID of the protein in SWISS-PROT. The column 'Disulfide Pattern' contains all the disulfide patterns manually extracted from SWISS-PROT website. The column 'Scan ID' lists the MS/MS scan number of the highest scored spectrum for the specific disulfide bond. 'P-score' means the reported score for the structure.
